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ABSTRACT
DEVELOPMENT OF A COMBINED QUANTITY AND QUALITY MODEL
FOR
OPTIMAL GROUNDWATER MANAGEMENT
Presented is  a procedure fo r  in c o rp o ra tin g  so lu te  tra n s p o rt as 
l in e a r  c o n s tra in ts  w ith in  computer models fo r  o p tim iz in g  reg iona l 
groundwater e x tra c tio n  s tra te g ie s .  The MODCON m ode lling  procedure 
uses l in e a r  goal programming, embedded lin e a r iz e d  equations fo r  flo w  
and s o lu te  tra n s p o r t and a MOC s im u la tio n  model. Assumed is  2D flo w  
and s o lu te  tra n s p o r t and a d ispersed conse rva tive  contam inant. The 
MODCON procedure develops steady groundwater e x tra c tio n  s tra te g ie s  
th a t  w i l l  s a t is fy  fu tu re  groundwater q u a li ty  c o n s tra in ts  w h ile  s im u l­
taneously  causing fu tu re  p iezom e tric  heads to  be as c lose  to  c u rre n t 
heads as p o s s ib le . The procedure is  app lied  to  a 160 square m ile  
area in  southeastern  Arkansas.
R. C. P e ra lta , J. Solaim anian, S. A. Prathapar and C. L. G r i f f i s
Completion Report to  the U. S. Department o f the In te r io r ,  Reston, 
VA, June 1987
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INTRODUCTION
A. Purpose and O b jec t ives
Developing optimal reg iona l q u a n t i ta t iv e  water management s t ra te  
g ies has been accomplished w ith  in c rea s ing  frequency in  recen t years 
C ons idera tion  o f  groundwater q u a l i t y  c o n s t ra in ts  is  not common in  
such models, however. Th is  r e s u l t s  from the f a c t  th a t  when o p t im iz ­
ing groundwater e x t ra c t io n  ( ra th e r  than in je c t io n ) ,  mass f l u x  o f  
contaminant e x t ra c t io n  is  the product o f  unknown concen tra t ions  and 
unknown e x t ra c t io n  ra te s .  In o the r  words, c o n s t ra in t  equations 
d e sc r ib in g  e x t ra c t io n  are n o n l in e a r .
There are many com mercia lly  a v a i la b le  codes th a t  can so lve o p t i ­
m iza t ion  problems having n o n linea r  c o n s t ra in ts .  However, depending 
on the problem, 'o p t im a l '  s o lu t io n s  re s u l t in g  from problems inco rpo ­
r a t in g  n o n lin e a r  c o n s t ra in ts  may not be g lo b a l ly  o p t im a l.  Such solu 
t io n s  may be merely lo c a l l y  optimal in  the dec is ion  space. I t  is  
p o ss ib le  to  perform enough r e p e t i t i v e  non linea r  o p t im iz a t io n s ,  using 
d i f f e r e n t  i n i t i a l  f e a s ib le  s o lu t io n s ,  to  become somewhat sure th a t  
one has a t ta in e d  a t ru e  g loba l optimal s t ra te g y .  Depending on the 
number o f  v a r ia b le ,  i t  may be im p ra c t ic a l o r uneconomical to  do so.
Some researchers advocate l i n e a r i z in g  non linea r  equations to 
d e r ive  g lo b a l ly  optimal s o lu t io n s .  This tack  has i t s  own weakness. 
Such s o lu t io n s  are merely optimal f o r  a l in e a r  su rrogate  o f  the o r ig  
inal nonlinear problem. Their adequacy depends on the degree to  
which the l i n e a r  fo rm u la t io n  a p p ro p r ia te ly  represents  the non linea r  
system.
1
The purpose o f  t h i s  re p o r t  is  to  descr ibe  a MODCON (MODel f o r  
MODifying CONtaminant CONcentrations) approach f o r  deve lop ing g lob ­
a l l y  optim al groundwater management s t ra te g ie s  th a t  in c lud e  cons ide r­
a t io n  o f  groundwater q u a l i t y .  MODCON r e l i e s  on the r e p e t i t i v e  use o f 
l i n e a r  o p t im iz a t io n /s im u la t io n  goal-programming models and an e x te r ­
n a l l y  developed n o n lin e a r  s o lu te  t ra n s p o r t  model.
B. Related Research and A c t i v i t i e s
Several techniques have been used to  represen t s o lu te  t ra n s p o r t  
in  o p t im iz a t io n  models (G o re l ic k ,  1983). Each method has l i m i t a ­
t io n s .  G o re l ic k  (1984) represented s o lu te  t ra n s p o r t  as non linea r  
c o n s t ra in ts .  However, when n o n linea r  water q u a l i t y  c o n s t ra in ts  are 
used, i t  i s  d i f f i c u l t  to  assure g loba l o p t im a l i t y .  A second category 
o f  models use g ra d ie n t  c o n tro l  and v e lo c i t y  in f lu e n c e  c o e f f ic ie n ts  
(C o la ru l lo  e t  a l . ,  1984; G o re l ic k  and L e fk o f f ,  1985). Such models 
may be o v e r ly  r e s t r i c t i v e  i f  some contaminant movement ( in  a d d it io n  
to  d is p e rs io n )  i s  accep tab le , or im p ra c t ic a l f o r  reg iona l use i f  the 
area o f  contam ination i s  la rg e .  A t h i r d  method u t i l i z e s  in f lu e n c e  
c o e f f i c ie n ts  d e sc r ib in g  the e f f e c t  o f  a change in  p o te n t io m e tr ic  head 
on steady s ta te  contam ination (D a tta  and P e ra l ta ,  1986). This 
approach i s  a lso  o v e r ly  r e s t r i c t i v e ,  s ince i t  takes a very  long time 
f o r  steady s ta te  conce n tra t io ns  to  develop, and im p ra c t ic a l ,  i f  
groundwater q u a l i t y  c o n s t ra in ts  must be considered f o r  many lo ca ­
t io n s .  Other approaches a lso have been u t i l i z e d  (Louie e t  a l . ,
1984). No p re v io u s ly  reported  techniques seem w e ll s u i te d  fo r  the 
task  o f  deve lop ing v o lu m e t r ic a l ly  optimal reg iona l e x t ra c t io n  s t r a te -
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g ies  w h i le  s im u ltaneous ly  cons ide r ing  groundwater q u a l i t y  con­
s t r a in t s .
METHODS AND PROCEDURES
A. M ode ll ing  Methodology Overview and Functions
We assume: 1) an unconfined is o t r o p ic  heterogeneous a q u ife r  in
which the change in  water le v e ls  w ith  t ime w i l l  cause in s ig n i f i c a n t  
change in  t r a n s m is s iv i t y ,  2) two-dimensional groundwater f lo w ,  3) 
two-dimensional s o lu te  t ra n s p o r t  and i n s ig n i f i c a n t  v e r t i c a l  den s ity  
g ra d ie n ts ,  and 4) conse rva tive  d ispersed contam inant. Although a n i ­
s o t ro p ic  h y d ra u l ic  c o n d u c t iv i t y  can be r e a d i ly  considered, is o t r o p ic  
c o n d u c t iv i t y  i s  assumed here.
The purpose o f  the proposed model i s  to  develop a reg iona l 
groundwater e x t ra c t io n  s t ra te g y  th a t  w i l l ,  as much as p o ss ib le ,  main­
t a in  an e x is t in g  p o te n t io m e tr ic  su r fa ce ,  w h ile  assuring  th a t  fu tu re  
groundwater contaminant concen tra t ions  are acceptab le . I t  i s  assumed 
t h a t  the developed annual pumping s t ra te g y  w i l l  be unchanging w ith  
t im e du r ing  the p lann ing  pe r io d .  In order to  achieve these goa ls , 
the i t e r a t i v e  o p t im iz a t io n  and s im u la t io n  process described below is  
used (F igu re  1 con ta ins  a f lo w c h a r t ) .
The complete m ode ll ing  procedure (MODCON) co n s is ts  o f  fo u r  o p t i -  
m iz a t io n /s im u la t io n  modules (A,B,D,E) and an e x te r n a l ly  developed 
s o lu te  t ra n s p o r t  model (module C). O p tim iza t ion  is  accomplished 
using GAMS/MINOS (Kendrick  and Meeraus, 1985; Murtagh and Saunders, 
1983). Components A, B and E in co rp o ra te  the two-dimensional l i n e a r ­
ized Boussinesq equation to  model groundwater f lo w .  Modules D and E
3
F igure  1. F lowchart o f  module fu n c t io n s  in  MODCON.
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incorporate linea rized  solute transport equations. In th is  paper, 
module C is  the method o f ch a rac te ris tics  (MOC) model o f Konikow and 
Bredehoeft (1978). The functions of each part o f MODCON are d is ­
cussed below. Their most important cha rac te ris tics  are summarized in 
Figure 2.
Model A uses steady-state sim ulation and weighted lin e a r goal- 
programming (LGP) optim ization to determine acceptable boundary flu x  
rates fo r  the subsystem. This function  is  important when i t  is  
im practical to  model an en tire  aquifer system. I t  aids developing a 
pumping stra tegy fo r only a portion of the aquifer in such a way as 
to prevent d isruption  of flow  outside tha t subsystem. To do th is , 
one assumes tha t aquifer s tim u li outside the system during the man­
agement period w i l l  maintain the regional flow  patterns tha t e x is t at 
the beginning of the era (t= 0 ), as long as pumping w ith in  the subsys­
tem does not induce more groundwater flow  in to  the subsystem than 
occurred in i t i a l l y .  The recharge fluxes computed fo r  boundary c e lls  
by submodel A are used as upper l im its  on recharge in subsequent 
optim ization models.
Submodel B uses unsteady sim ulation and weighted LGP optim ization 
to compute a pumping stra tegy tha t w i l l  cause fu tu re  potentiom etric 
heads to be as close to current heads as possible. I t  does not con­
sider solute transport.
In module C, a nonlinear solute transport model provides m u lt i­
time-step nonlinear sim ulation. I t  computes the fu tu re  concentra­
tions  tha t w i l l  re s u lt from implementation of the pumping strategy
5
Module Type.  O u t p u t
Linear goal-programming (LGP). 
Boundary f luxes (aSS,CH) th a t  best 
maintain i n i t i a l  heads (h0)
LGP. Pumping strategy (q*8 ) tha t  
best maintains i n i t i a l  subsystem 
heads (h0) at  fu ture time T.
Predicted heads (h*T ) .
Nonlinear HOC solute t ra n sp o r t .
Future concentrat ions (CMOCT) and 
heads (HMOCT r e s u l t in g  from q*. (used 
to Id .  unacceptable C and v e r i f y  hi.)
LGP. Calibrated c o e f f i c ie n ts  so l i n e a r ly  
predicted concentrat ions (C*T)~CMOCT.
LGP. Modif ied pumping s t ra tegy  that 
best maintains h0 a t  t ime T with 
acceptable concentrat ions.
C o n s t r a i n t s
2D steady flow
2D unsteady flow
qL q* qu 
hL h*  hu
2D a d vec t io n -d isp e rs io n
2D unsteady flow 
2D advec t ion -d ispe rs ion  
qL  q* qu 
hL h*  hu 
C*T  Cu
Figure 2. Significant characteristics of MODCON modules.
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developed by model B. Assuming fu tu re  concentrations w i l l  be unac­
ceptable in some loca tions, the pumping strategy w i l l  need to be 
modified. To accomplish strategy m odifica tion , solute transport must 
be appropria te ly included in a model s im ila r to model B.
The next step is  to create an adequate lin e a r representation of 
solute transport. Submodel D uses LGP to ca lib ra te  two-dimensional 
lin e a r solute transport equations so tha t they can re p lica te  concen­
tra tio n s  predicted by the nonlinear model. By including only a 
sing le tim e-step, model D a v o id s  using unknown concentrations ( f in a l 
concentrations are assumed known from module C) in i t s  solute trans­
port equations and is  able to be lin e a r. (T ransm issiv ities are com­
puted fo r  both beginning and f in a l heads.)
Module E includes the ob jective function and unsteady volumetric 
sim ulation of model B, as well as the ca lib ra ted  lin e a r solute trans­
port equations of model D. I t  develops a modified pumping strategy 
tha t considers groundwater q u a lity  constra in ts . I ts  ob jective func­
tio n  is  the same as tha t fo r module B.
Because of the bold assumptions made in the linea rized  solute 
transport constra in ts , one should v e r ify  the concentrations predicted 
by model E. The MOC model is  used fo r th is  purpose. Figure 1 shows 
tha t ite ra t io n  through models D, E and the nonlinear model is  co n ti­
nued u n til concentrations predicted by model E are acceptable and 
close to those predicted by nonlinear model.
B. Model Development
For an n ce ll subsystem, the ob jective function fo r models A, B,
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D and E is (Yazdanian and Peralta, 1986):
minimize y = ( W ) { D + }  + ( W ) { D _ }  . . [ 1]
where
( W ) = a 1 x n vector of weighting factors, (dimensionless)
{ D+ } and { D_ } are m x 1 column vectors of over- and under­
achievement variables, respectively, units of 
L for modules A, B, & E, units of ppm for 
module D.
Optimal solutions for submodels A and B are constrained subject to 
the following, simply described for either steady-state flow (A) or 
a single time step of unsteady flow (B). (For t  time steps, array 
dimensions of magnitude n become n x t . )
{ L q }  <  { Q * }  = { B }  -  [ A ]  { H * }  <  { U q }  . . [ 2 ]  
{ L h }  <  { H * }  <  { U h }  . . [ 3 ]  
{ H * }  -  {D+ }  + { D _ }  = {H0} . . [ 4 ]  
{D+ } ,  { D _ }  > 0 . 0  . . [ 5 ]  
where
{Lq} and {Uq} = n x 1 column vectors of lower and upper bounds, 
respectively, on pumping (or recharge), L3
{Q*} = n x 1 column vector of optimal net annual steady pumping or 
recharge) rates, where discharge is positive valued, L3
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{B} = n x 1 vector describing in it ia l heads, effective porosities,
cell sizes and time step sizes, L3
[A] = n x n symmetric banded matrix of aquifer properties, L2
{H*} = n x 1 column vector of optimal fina l or intermediate 
heads, depending on the number of time steps, L 
{Lh} and {Uh} = n x 1 column vectors of lower and upper bounds 
on head, L
{H0} = in it ia l heads, L
Note that the objective function considers a ll ce lls, not merely 
internal ce lls. Thus, in th is  example, boundary cells are treated as 
variable head/restrained flux  boundary conditions (equation [2 ]), 
rather than as classical constant head (D irich le t) or constant flux 
(Neumann). The use of weights of large magnitude for boundary cells 
e ffective ly forces heads to approximate desired values.
The constraints fo r module D re flec t its  function of calibrating 
coefficients contained in linearized solute transport equations. I t  
uses objective function [1] subject to conditions mentioned below, 
including constraint [6] for each ce ll. Note that over- and under­
achievement variables have dimensions of concentration in equation 
[6 ], as they do in equation [1] when i t  is applied to model D. Based 
on simulation using the MOC model, future heads and concentrations 
are known. Equation [6] reflects the fact that these future concen­
trations are functions of in it ia l concentrations, intermediary 
fluxes, advective and dispersive processes. The F coefficients and
9
over- and under-achievement variables are determined by the model 
through op tim ization.
c0 ,c
CT,MOC
F l , F 2 , F3
2C0 2Ct ,moc
C0 + CT,M0C < F1 < C0 + CT,M0C
0.0 < f2 < 1.0
0.0 < F3 < 1.0
. . [7 ]
. . [8]
. . [9 ]
The bounds on F1 assure tha t the concentration of tha t being pumped 
from a ce ll is  between in i t ia l  and f in a l concentrations o f the c e ll.  
The f in ite -d if fe re n c e  function describing concentration change due to
10
. . [ 6]
where
C0 + f  (F1,Q,C,V) + f  (F2,H,C,T,V) + f  (F3 ,H,C,P,V) 
- D+ + D_ = CT,M0C
V
T
P
subject to bounds on F values to aid re a lis t ic  representation of 
transport.
= in i t ia l  and intermediate concentrations 
= f in a l concentrations predicted by MOC model in module C 
= lin e a r c o e ffic ie n ts  fo r  processes of accretion, 
advection and dispersion 
= volume
= tra nsm iss iv ity  and other problem sp e c ific  parameters 
= d is p e rs iv ity  and other parameters
advection considers both i n i t i a l  and f in a l  concentrations and gra­
d ients. F2 represents the weight tha t is  placed on i n i t i a l  concen­
tra t io n s  and gradients ( i f  F2 equals 1) versus the weight placed on 
f in a l  concentrations and gradients ( i f  F2 equals 2). F3 performs the 
same function fo r  dispersive mass f lu x  tha t F2 performs fo r  advective 
f lu x .  Module D also contains bounds [5 ] .  As a re s u lt ,  i t  determines 
the co e f f ic ie n t  values tha t cause best re p lica t io n  of concentrations 
predicted by nonlinear simulation.
Module E uses ob jective function [1 ] ,  ca libra ted F coe ff ic ien ts  
and constra in t equations [2 -5 ] and [10], which is  a vectorized con­
s t ra in t  form of [6 ] .
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This f in a l  model computes a pumping strategy tha t w i l l  cause future 
heads to be as close as possible to i n i t i a l  heads, while s imulta­
neously assuring tha t fu tu re  groundwater contaminant concentrations 
are acceptable.
PRINCIPAL FINDINGS AND SIGNIFICANCE 
Flow assumptions are as mentioned previously. The study area 
aquifer is  unconfined, consisting o f unconsolidated sands and gravels 
with a hydraulic conductiv ity  of 250 f t /d a y  and a spe c if ic  y ie ld  of 
0.25. A long itud ina l (and transverse) d is p e rs iv i ty  of 1320 f t  is 
assumed in the MOC model fo r  a dispersed contaminant and large cell 
s ize. D iffus ion is  assumed to be in s ig n i f ic a n t .
{ f#(F,C,Q,V,H,T,P)} - {D+} + { D_} < {Uc} . . [ 10]
Figure 3 shows a g rid  o f 1 mi2 c e lls  taken from the Bayou Bar­
tholomew basin in Arkansas. The displayed potentiom etric surface is  
one th a t would evolve from implementation of one of the optimal sus­
tained y ie ld  pumping s tra teg ies  developed by Peralta e t a l . (1985). 
Cells in which fu tu re  (25 year) concentration are to be modified are 
framed in th is  and subsequent figu res . Current (assumed in i t i a l )  
concentrations o f NaCI are shown in Figure 4 (F itz p a tr ic k , 1985).
Module A provides boundary fluxes needed to prevent d isrup tion  of 
the regional flow  regime. Module B computes optimal steady pumping 
values needed to  most c lose ly  maintain heads o f Figure 3 a fte r 25 
years. The MOC model pred icts the 25-year concentrations tha t w il l  
re s u lt from implementing the stra tegy computed by model B (Figure 5). 
Note tha t predicted concentrations in ce lls  (13,5) and (14,5) are 300 
and 330, respective ly .
Assume tha t fu tu re  development plans make i t  desirable tha t 
25-year concentrations in c e lls  (13,5) and (14,5) be no greater than 
250 and 275 ppm, respective ly . Module D ca lib ra tes  the F c o e ff i­
c ien ts to permit lin e a r expression of the mass density changes pre­
dicted by MOC model. Module E uses those resu lts  to compute a 
revised optimal pumping stra tegy (Figure 6 shows the strategy fo r a 
selected portion o f the system).
Figure 7 shows the d iffe rences in annual pumping between the 
s tra teg ies developed by Module B (which does not consider water 
q u a lity ) and Module E (which does consider fu tu re  water q u a lity ) . 
Figure 8 shows the potentiom etric surface tha t w il l  re s u lt in the
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Figure 3. Assumed i n i t i a l  potentiometr ic  surface, in f t  
above sea leve l .  C r i t i c a l  ce l ls  are framed.
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J1 2 3 A 5 6 7 8 9
1 0 0 0 50 100 150 200 250 0
2 0 0 0 50 100 200 200 200 200
3 0 0 0 50 100 100 100 100 100
A 0 0 0 50 50 75 75 50 50
5 0 0 0 0 50 50 50 0 0
6 0 0 0 0 50 75 50 0 0
7 0 0 0 50 75 100 50 50 0
8 0 0 0 50 100 100 100 50 0
9 0 0 0 50 200 200 150 50 0
10 0 0 0 50 230 200 200 50 0
11 0 0 0 75 260 230 200 125 50
12 0 0 0 115 290 2A5 200 125 50
13 0 0 50 150 3 2 0 285 250 125 50
14 0 0 50 150 3 5 0  325 300 100 100
15 0 0 50 150 375 375 350 200 100
16 0 0 50 100 A00 A00 A00 200 100
17 0 50 75 200 A00 550 A00 200 100
18 0 100 100 200 500 700 A00 A00 0
Figure 4. Assumed in i t i a l  NaCl concentrations in 
groundwater, in ppm.
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J1 2 3 4 5 6 7 8 9
1 0 0 5 26 100 153 200 242 0
2 0 0 6 27 103 178 191 1-98 197
3 0 0 4 47 92 106 107 104 102
4 0 0 4 41 56 74 75 51 4 7
5 0 0 0 7 47 53 49 4 3
6 0 0 0 6 50 72 49 5 0
7 0 0 3 45 75 94 56 44 3
8 0 0 4 50 102 107 97 50 3
9 0 0 4 57 181 189 147 54 2
10 0 0 5 62 210 203 188 60 6
11 0 0 7 84 239 229 197 120 51
12 0 0 14 120 269 247 202 126 52
13 0 4 51 152 3 0 0  286 245 125 57
14 0 5 54 157 3 3 0  325 292 116 97
15 0 4 51 153 365 373 341 198 107
16 0 6 52 125 377 408 377 209 109
17 4 47 80 198 398 518 398 227 107
18 0 97 105 212 565 428 419 387 0
Figure 5. Twenty-five year concentrations, in ppm, predicted 
by MOC model to resu l t  from implementing pumping 
strategy computed by module B.
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I
J3 4 5 6 7
11 0 0 0 0 0
12 0 0 0 0 0
13 0 0  797 0 0
14 0 0 1112 0 0
15 0 0 0 0 0
16 0 0 0 0  0
Figure 6. Annual groundwater e x t ra c t io n  s t ra te g y  computed by 
Module E fo r  a se lec ted  p o r t io n  o f  the s tudy area, 
in  a c - f t / y r .
3 4 5 6 7
11 0 0 0 -2 8 - 2 3
12 -1 4 5 0 0 0 0
13 - 5 -1 1 1 648 0 0
14 - 6 - 7 5 648 0 0
15 - 1 5 -2 1 1 0 -1 5 0
16 36 0 -7 3 -341 -5 5
Figure 7. D if fe re n ce  between annual groundwater e x t ra c t io n  
s t ra te g ie s  computed by Modules E and B, (E -  B), 
f o r  a p o r t io n  o f the study area, in  a c - f t / y r .
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1
J
v ic in i ty  o f the c r i t ic a l  c e lls  a fte r 25 years o f implementing the 
Module E stra tegy. Figure 9 shows the differences in potentiom etric 
surface elevations tha t w i l l  re s u lt depending on whether one imple­
ments the strategy from Module E or the strategy from Module B.
Consequences of implementing the strategy from Module E are 
tested using MOC model. Figure 10 shows tha t MOC-predicted fu ture 
concentrations re su lting  from pumping stra teg ies implementation 
achieves acceptable fu tu re  concentrations.
CONCLUSIONS
A lin e a r f in ite -d if fe re n c e  equation is  presented to approximate 
two-dimensional solute transport by advection and dispersion. The 
equation is  ca lib ra ted and used w ith in  an op tim ization/s im ula tion 
procedure (MODCON). MODCON develops optimal pumping stra teg ies tha t 
w i l l  as much as possible maintain present potentiom etric surface e le­
vations, while sa tis fy in g  fu tu re  water q u a lity  constra in ts. The 
procedure seems promising, but judgement and experience in optim iza­
tion /s im u la tion  procedures are important fo r  successful app lica tion .
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F igure  8. Heads th a t  w i l l  r e s u l t  in  a p o r t io n  o f  the study 
area a f t e r  25 years o f  implementing the pumping 
s t ra te g y  computed by module E, in  f t  above sea le v e l .
J
3 4 5 6 7
11 0 . 2 - 0 . 1 - 0 . 3 - 0 . 1 - 0 . 0
12 0 . 3 - 0 . 3 - 0 . 9 - 0 . 6 - 0 . 2
13 - 0 . 0 - 0 . 6 - 2 . 5 - 1 . 0 - 0 . 3
14 0 . 0 - 0 . 5 - 2 . 2 - 0 . 8 0 . 0
15 0 . 5 0 . 0 - 0 . 3 0 . 1 0 . 7
15 0 . 3 0 . 5 1 . 0 0 . 8 0 . 9
Figure 9. D if fe rence  between tw e n ty - f iv e  year heads re s u l t in g  
from implementing s t ra te g ie s  computed by modules E 
and B, (E-B), f o r  a p o r t io n  o f  the study area, in  f t .
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J1 2 3 4 5 6 7 8 9
1 0 0 5 26 100 153 200 242 0
2 0 0 6 27 103 178 191 198 197
3 0 0 4 47 92 106 107 104 102
4 0 0 4 41 56 74 75 51 47
5 0 0 0 7 47 53 49 4 3
6 0 0 0 6 50 72 49  5 0
7 0 0 4 45 75 94 55 44 3
8 0 0 4 50 102 107 97 50 3
9 0 0 4 57 181 189 147 54 2
10 0 0 5 63 209 204 187 60 7
11 0 0 8 87 235 229 197 121 51
12 0 1 18 125 256 249 203 127 52
13 0 5 53 158 233 284 246 127 57
14 0 5 57 167 265 322 290 118 97
15 0 3 54 156 355 370 342 200 104
16 0 5 52 116 389 409 383 206 107
17 4 47 81 199 405 518 399 222 105
18 0 97 105 212 568 517 424 390 0
Figure 10. Twenty-five year concentrations,  in ppm, predicted 
by MOC model to resu l t  from implementing optimal 
pumping strategy computed by model D.
19
I
LITERATURE CITED
C ola ru llo , S. J . ,  M. Heidari and T. Maddock. 1984. Id e n tif ic a tio n  
o f an optimal groundwater management strategy in a contaminated 
aqu ife r. Water Resources B u lle tin , v. 20, no. 5, pp. 747-760.
Datta, B. and R. C. Pera lta. 1986. Optimal m odification o f regional 
potentiom etric surface design fo r  groundwater contaminant con­
tainment. Transactions o f the ASAE. v. 29, no. 6.
F itz p a tr ic k , D.J. 1985. Occurrence of saltwater in the a llu v ia l 
aquifer in  the Boeuf Tensas basin, Arkansas. USGS Water 
Resources Investiga tions Report 85-4029. L i t t le  Rock, Arkansas.
G orelick, S.M. 1983. A review of d is tr ib u te d  parameter groundwater 
management modeling methods. Water Resources Research, v. 19, 
no. 2, pp. 305-319.
G orelick, S.M., C .I. Voss, P.E. G i l l ,  W. Murray, M.A. Saunders and 
M.H. Wright. 1984. Aquifer reclamation design: The use of
contaminant transport sim ulation combined w ith non lin e a r pro­
gramming. Water Resources Research, v. 20, no. 4, pp. 415-427.
G orelick, S. M., and L. J. Le fko ff. 1985. Design and cost analysis 
o f rapid aquifer res to ra tion  systems using flow  simulation and 
quadratic programming. Groundwater. v. 24, no. 6, pp. 777-790.
Kendrick, D. and A. Meeraus. 1985. GAMS An in troduction . The World 
Bank. Washington, D. C.
Konikow, L.F. and J.D. Bredehoeft. 1978. Computer model o f two- 
dimensional solute transport and dispersion in groundwater.
Techniques of water resources investiga tions of the United States 
Geological Survey. Book 7. Chapter C2. 91 pp.
Louie, W.F., W. Yeh and N.S. Hsu. 1984. M u ltiob jec tive  water
resources management planning. Journal o f Water Resources Plan­
ning and Management. ASCE. v. 110, no. 1, pp. 39-56.
Murtagh, B. A. and M. A. Saunders. 1983. MINOS 5.0 user's guide. 
Technical Report SOL 83-20, Stanford U n ivers ity , C a lifo rn ia .
Pera lta, R. C., B. Datta, J. Solaimanian, P. J. K il l ia n  and A. Yazda- 
nian. 1985. Optimal sustained y ie ld  groundwater withdrawal 
s tra teg ies fo r  the Boeuf Tensas basin in Arkansas. Miscellaneous 
Publication No. 29. Water Resources Research Center, Fayette­
v i l le ,  AR 72701.
Yazdanian, A. and R. C. Pera lta. 1986. Sustained y ie ld  groundwater
planning by goal programming. Groundwater. v. 24, no. 2, pp. 157-165.
20
